Variations in the human Crumbs homolog-1 (CRB1) gene lead to an array of retinal dystrophies including early onset of retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA) in children. To investigate the physiological roles of CRB1 and CRB2 in retinal Müller glial cells (MGCs), we analysed mouse retinas lacking both proteins in MGC. The peripheral retina showed a faster progression of dystrophy than the central retina. The central retina showed retinal folds, disruptions at the outer limiting membrane, protrusion of photoreceptor nuclei into the inner and outer segment layers and ingression of photoreceptor nuclei into the photoreceptor synaptic layer. The peripheral retina showed a complete loss of the photoreceptor synapse layer, intermingling of photoreceptor nuclei within the inner nuclear layer and ectopic photoreceptor cells in the ganglion cell layer. Electroretinography showed severe attenuation of the scotopic a-wave at 1 month of age with responses below detection levels at 3 months of age. The double knockout mouse retinas mimicked a phenotype equivalent to a clinical LCA phenotype due to loss of CRB1. Localization of CRB1 and CRB2 in non-human primate (NHP) retinas was analyzed at the ultrastructural level. We found that NHP CRB1 and CRB2 proteins localized to the subapical region adjacent to adherens junctions at the outer limiting membrane in MGC and photoreceptors. Our data suggest that loss of CRB2 in MGC aggravates the CRB1-associated RP-like phenotype towards an LCA-like phenotype.
Introduction
Müller glial cells (MGCs) are the only glial cell type generated from retinal progenitor cells being born between embryonic day (E)15 and postnatal day (P)10, with a peak in the MGC birth around P3 (1) . MGCs span from the inner limiting membrane up to the apical villi adjacent to the inner segments of photoreceptor cells (PRCs) . MGCs wrap around all of the retinal neurons except for the inner and outer segments of PRC. The MGCs provide critical structural support to maintain retinal organization and lamination, forming both MGC-MGC and MGC-PRC interactions, mediated by adherens junctions at the outer limiting membrane (2, 3) . The MGCs provide homeostatic and metabolic support particularly to PRC (3, 4) . Because of these varied roles, MGC dysfunction can broadly contribute to retinal disease (4, 5) .
The Crumbs complex, which is located at the subapical region (SAR) adjacent to the adherens junctions at the outer limiting membrane, has been shown to be pivotal in maintaining the stability and function of the retina. Loss of components of the apical-basal polarity Crumbs complex leads to instability of the adherens junctions, and thus the interactions between MGC-MGC, MGC-PRC and also PRC-PRC become compromised (6) (7) (8) .
Variations in the human Crumbs homolog-1 (CRB1) gene are linked to a wide spectrum of autosomal recessive retinal dystrophies. These include retinitis pigmentosa (RP) type 12 and Leber congenital amaurosis (LCA) type 8 (9) (10) (11) (12) (13) . Variants of the human Crumbs homolog-2 gene (CRB2) have recently been associated with retinal aberrations (14) .
The core Crumbs complex in mammals is composed of CRB1-3, PALS1 (also called MPP5), MUPP1 and PATJ. The prototypic CRB protein has a large extracellular domain with EGF-like domains and laminin-A globular domains adjacent to a single transmembrane domain. A short C-terminus of 37 amino acids contains a FERM protein-binding domain juxtaposing the single transmembrane domain. At the C-terminal end, there is a PDZ proteinbinding motif of four amino acids (ERLI) that allow interaction with adaptor proteins such as PALS1 and PAR6 (15) (16) (17) (18) . In the mouse, Crb1 gene transcripts are detected in photoreceptors, MGC and retinal progenitors, but CRB1 protein expression is limited to MGC and retinal progenitors (7, 19, 20) . Mouse CRB2 is expressed in MGC, rod and cone photoreceptors and retinal progenitors (7, 19) . We generated several knockout and knockin mice, and others identified a naturally occurring mouse and rat strain, to study physiological and morphological aspects of retinal dystrophy due to disturbances in the retinal Crumbs complex (6) (7) (8) (21) (22) (23) (24) (25) (26) (27) (28) (29) and reviewed in (30, 31) .
Crb1 knockout mice (hereafter indicated as Crb1 KO ) showed disruptions at the outer limiting membrane, causing loss of interactions between photoreceptors and MGC at foci, resulting in retinal disorganization and dystrophy limited to the inferior-lateral retina (6, 25) . A similar mild retinal morphological phenotype, but not limited to the inferior-lateral retina, was observed in homozygous Crb2 conditional knockout mice that expressed the Cre recombinase specifically in MGC (hereafter called Crb2 ΔMG mice; (28) ). Both the Crb1 KO and the Crb2 ΔMG mice showed no loss of retinal function as measured by electroretinography (ERG) (6, 28) . These data suggested overlapping functions of CRB1 and CRB2 in maintaining the retinal lamination specifically in MGC. Here, we studied the loss of CRB2 from MGC in the developing retina, on a genetic background with loss of CRB1 in retinal progenitors and MGC (Crb1 KO Crb2 ΔMG ). The Crb1 KO Crb2 ΔMG mice therefore only express CRB2 in the rod and cone photoreceptors.
Our data show that concomitant loss of both CRB1 and CRB2 specifically in mouse MGC mimics a severe phenotype, typical of LCA due to loss of CRB1 in humans. Whereas we previously showed that loss of CRB1 in MGC and retinal progenitors, as well as loss of CRB2 in MGC, mimicked late-onset RP. The current data proves the importance of CRB1, CRB2 or both proteins in MGC. Most importantly, the current data showed that loss of CRB2 in MGC that lack CRB1 aggravated the retinal phenotype from an RP-like to LCA-like phenotype. Additionally, we analysed the localization of CRB1 and CRB2 in the non-human primate (NHP) retina by immuno-electron microscopy. Both macaque CRB1 and CRB2 are located at the SAR at the outer limiting membrane in MGC and photoreceptors. The ultrastructural protein localization studies in NHP retina suggest overlapping functions of CRB1 and CRB2 in MGC, as well as in photoreceptors, in maintaining retinal lamination.
Results
The PdgfrαCre transgene efficiently mediates recombination in MGC Figure 1 . Ablation of CRB1 and CRB2 from MGC causes severe and progressive loss of retinal function. Electroretinographic analysis of control (black) and Crb1 KO Crb2 ΔMG affected mice (blue) at 1 (A-E) and 3 months of age (F-J). Scotopic and photopic single-flash intensity series from representative animals at 1 (A) and 3 months (F) of age. Reduction in scotopic single-flash intensity a-wave (A, white and black arrows). Scotopic a-wave (B and G) and scotopic and photopic b-wave amplitudes (C, H and D, I, respectively) plotted as a function of the logarithm of the flash intensity. Flicker response amplitudes from 1-and 3-month-old mice (E and J). Boxes indicate the 25 and 75% quantile range and whiskers indicate the 5 and 95% quantiles, and the intersection of line and error bar indicates the median of the data (box-and-whisker plot). * P < 0.05, * * P < 0.01, * * * P < 0.001. Number of animals used: 1 and 3 months, four controls and four Crb1 KO Crb2 ΔMG mice.
responses, whereas responses were readably detected in the control mice (Fig. 1F-J and Supplementary Material, Fig. S3B-F and peripheral (C, F, I) Crb1 KO Crb2 ΔMG at different ages, (A-C) E17.5, (D-F) P1, (G-I) P14. Crb1 KO Crb2 ΔMG central retina at E17.5 appeared unaffected (B) while in the peripheral retina protrusions of NBL nuclei were found in the subretinal space (C, insert, arrowhead). This was also detected in the central Crb1 KO Crb2 ΔMG retina at P1 (E). In the peripheral, Crb1 KO Crb2 ΔMG retinas at P1 rosettes were found in the NBL and ectopic cells in the GCL (F, arrowheads). At P14, the Crb1 KO Crb2 ΔMG central retina still showed a clear outer plexiform layer, but protrusions of INL cells into the ONL were detected (H, arrowheads), as well as rosettes in the ONL (H, asterisks). At P14, the Crb1 KO Crb2 ΔMG peripheral retina did not have a clear outer plexiform layer, and ectopic photoreceptor nuclei were found in the GCL (I, arrowheads). Quantification of total retinal thickness in control and Crb1 KO Crb2 ΔMG mice at 1 mm from the ONH showed significant thickening at P14 (J). Quantification of ONL thickness in Crb1 KO Crb2 ΔMG retina at P14 showed it being significantly thicker in both the central and peripheral retina (K). OLM, outer limiting membrane; NBL, neuroblast layer; GCL, ganglion cell layer; ONL, outer nuclear layer; INL, inner nuclear layer. Data are presented as mean ± SEM; j: n = 6-9 sections from 2-4 retinas, per genotype; k: n = 3 retinas, per genotype. * * * P < 0.001. Scale bar: 20 μm (A-I); inserts: 20 μm (C, E). retina analysed exhibited morphological changes. However, morphological alterations were detected at E17.5 in the peripheral retina of Crb1 KO Crb2 ΔMG mice. At sporadic foci, disruptions were detected at the outer limiting membrane with protrusions of photoreceptor nuclei into the inner/outer segment layer (Fig. 2C , insert, arrowhead). At P1, the control retina showed no aberrations at the outer limiting membrane (Fig. 2D) , while disruptions at the outer limiting membrane with protrusions of photoreceptor nuclei into the inner and outer segment layer were detected in the central retina of Crb1 KO Crb2 ΔMG (Fig. 2E) .
The peripheral retina of Crb1 KO Crb2 ΔMG mice showed severe disruption of the outer limiting membrane, half-rosettes, an unstructured lamination of the neuroblast nuclear layer (NL), and ectopic nuclei in the ganglion cell layer (GCL) (Fig. 2F) . At P14, the control retina showed normal lamination into separate layers of photoreceptor inner and outer segments, outer nuclear layer (ONL), outer plexiform layer, inner nuclear layer (INL), inner plexiform layer and GCL (Fig. 2G) . A normal GCL and inner plexiform layer were detected in the central retina of Crb1 KO Crb2 ΔMG mice, but all of the other retinal layers were significantly disturbed (Fig. 2H ). Some nuclei of the INL were displaced into the outer plexiform layer, the photoreceptor ONL or inner and outer segments. And some nuclei of the INL resided close to the retinal pigment epithelium layer (Fig. 2H , arrowheads). The outer plexiform layer, which is a synaptic layer in which photoreceptors make synaptic contacts with horizontal cells and bipolar cells, was overall still intact but appeared thinner and contained nuclei from the INL at several foci. The ONL showed large half-rosettes of photoreceptor nuclei. The outer limiting membrane was disrupted at many foci but was intact within the large half-rosettes. The photoreceptor inner and outer segments adjacent to the retinal pigment epithelium were largely lost except for well-distinguishable inner and outer segments immediately adjacent to the large half-rosettes of photoreceptor nuclei (Fig. 2H, asterisks) . The peripheral retina of Crb1 KO Crb2 ΔMG mice showed an intact inner plexiform layer at P14, but the GCL contained ectopic nuclei of photoreceptors (Fig. 2I, arrowheads) . The outer plexiform layer was completely lost; the INL and ONLs formed a single NL in which the nuclei intermingled. The outer limiting membrane was disrupted, and the photoreceptor inner and outer segments were entirely lost (Fig. 2I) . The total thickness of the Crb1 KO Crb2 ΔMG mice retina compared to the control retina, at 1 mm adjacent to the optic nerve head (ONH), was significantly increased at P14 but not at P10 or P1 ( Fig. 2J and K) . The retinal thickening in Crb1 KO Crb2 ΔMG mice at P14 occurred in the ONL of the central retina (Fig. 2H) . The GCL of the peripheral retina was thickened due to ectopic photoreceptor nuclei (Fig. 2I, arrowheads) . Taken together, the results indicated that loss of CRB2 in MGC lacking CRB1 causes peripheral morphological alterations from E17.5 with subsequent thickening of the retina mimicking LCA due to loss of CRB1 (34, 35) .
Loss of CRB2 in MGC lacking CRB1 impairs retinal structure in adult mouse retinas
The superior retina of age-matched controls at 1 M showed normal lamination (Fig. 3A) . Whereas the lamination of the central retina in the Crb1 KO Crb2 ΔMG mice was irregular (Fig. 3B) and even more affected in the peripheral retina (Fig. 3C ). The central retina showed distinct layering but presented large rosettes in the ONL and occasional protrusions of nuclei of the INL into the ONL (Fig. 3B) . The peripheral retina of the Crb1 KO Crb2 ΔMG mice lacked an outer plexiform layer and showed the intermingling of nuclei of the INL and ONL (Fig. 3C, insert) . At 3 M, the Crb1 KO Crb2 ΔMG retina showed near to complete loss of photoreceptors throughout the entire retina, with only sporadic patches of photoreceptors in both the central (Fig. 3E , insert) and peripheral retina (Fig. 3F) . At several foci, we detected at 6 M onwards single rows of nuclei of the INL that ingressed into the inner plexiform layer (Fig. 3H , insert, arrowhead; Supplementary Material, Fig. 4B ). These rows of nuclei followed blood vessels that disrupted the INL and extended towards the GCL, suggesting neovascularization. Furthermore, the retinal pigment epithelium showed disruptions by blood vessels (Fig. 3H and L, asterisks). At 8 M, the INL was severely disturbed and thinned (Fig. 3K) . Neovascularization in the inner retina was detected at 6 M ( (Fig. 3L, arrowhead) .
The retina was transiently thickened at P14 ( Fig. 2J and K) but thinned significantly after that ( Fig. 3M and N) due to loss of near to all of the photoreceptors at 3 M. At 6 M, the NL of the inner retina is thinned throughout the entire retina compared to agematched controls (Fig. 3N) .
The Fig. 5D ). Thus, we conclude that removal of both CRB1 and CRB2 from MGC leads to a severe and progressive peripheral to central degenerative retinal phenotype with associated functional impairment due to rapid photoreceptor degeneration between 1 M and 3 M.
Loss of CRB2 in MGC lacking CRB1 leads to morphological alterations in MGC, neovascularization and disruption of photoreceptor synapses
The rapid degeneration of the retina suggested a role for both CRB1 and CRB2 in immature MGC during retinal development, unlike when ablating either only CRB1 or only CRB2 in MGC. We further characterized the morphology of MGC. In the control retina, SOX9-positive MGC cell nuclei reside in the INL (Fig. 4A ).
In the Crb1 KO Crb2 ΔMG retinas, SOX9-positive MGC nuclei were misplaced into the ONL both in the central and peripheral retina ( Fig. 4B and C, inserts and arrows). The intermediate filament glial fibrillary acidic protein (GFAP) is another marker for MGC. In control retina, GFAP stained moderate levels of MGC processes in the inner limiting membrane, the inner plexiform layer and the outer plexiform layer (Fig. 4D ). In the central retina of Crb1 KO Crb2 ΔMG mice, the levels of GFAP were increased with GFAP also detected in the ONL (Fig. 4E, insert) . At the peripheral Crb1 KO Crb2 ΔMG retina, the levels of GFAP were further increased with apical processes near to the OLM (Fig. 4F , insert and arrows). The gliosis was still persistent at 10 M Next, we looked at the consequences for blood vessels by using Griffonia simplicifolia B4-isolectin (IB4) as a marker. In the control retina at 1 M, the blood vessels in the GCL and inner plexiform layer were readily stained by IB4 (Fig. 4G ). In the central ONL and peripheral intermingled ONL/INL of the Crb1 KO Crb2 ΔMG , retina neovascularization with ectopic blood vessels was detected ( Fig. 4H and I) . In healthy retinas, the microglial cells reside dormant in the inner plexiform layer. At 1 M in the control retina, we detected CD45-positive microglial cells mainly in the inner plexiform layer and occasionally at the top of the ONL (Supplementary Material, Fig. 7D, arrowhead) . In degenerating retinas, microglial cells can become activated and migrate into the photoreceptor layer (36) To study the changes at the synapses between photoreceptors and the bipolar cells, we stained with anti-PSD-95 and anti-MPP4, both are members of the MPP4/PSD-95/TMEM16b complex at the photoreceptor synapse (37, 38) . Orderly laminated photoreceptor synapses at the outer plexiform layer were stained with anti-PSD-95 ( 
CRB2 in MGC lacking CRB1 prevents deterioration in retinal dystrophy
In previous studies, we showed that CRB1 loss in retinal progenitors and MGC, or CRB2 loss specifically in MGC, resulted in disruptions at the outer limiting membrane but with slow rates of progression (6, 28) . The retinal dystrophy in Crb1 KO Crb2 ΔMG mice was detectable from E17.5 with early-onset disruptions at the outer limiting membrane. Therefore, we analysed the structure of the SAR and adherence junctions, as well as the number of photoreceptors by immunohistochemistry. The disruptions at the outer limiting membrane in retinas of Crb1 KO Crb2 ΔMG mice at P1 were confirmed by immunohistochemistry using markers specific for the SAR, such as the CRB protein complex and markers for the adherens junctions, such as the cadherin/catenin protein complex (Fig. 5) . In control retina at P1, markers for the Crumbs protein complex such as CRB2 (Fig. 5A) 5F ) and PAR3 (Fig. 5H ). Since the ablation of CRB2 is specific in MGC in the Crb1 KO Crb2 ΔMG mice, the CRB2 staining is still detected at the SAR in photoreceptors. In control retina, markers for the cadherin/catenin complex such as p120-catenin (Fig. 5A ), ZO-1 (Fig. 5C ), β-catenin (Fig. 5E ) and N-cadherin (Fig. 5G ) stained a continuous network of adherens junctions. A discontinuous network of adherens junctions was detected in the retinas of Crb1 KO Crb2 ΔMG mice by the markers p120-catenin (Fig. 5B) , ZO-1 (Fig. 5D ), β-catenin (Fig. 5F ) and N-cadherin (Fig. 5H) .
Loss of CRB2 in MGC lacking CRB1 results in ectopic cycling retinal progenitor cells and photoreceptors
During normal retinal development, most of the ganglion cells, early-born amacrine cells, cone photoreceptors and horizontal cells are generated from retinal progenitor cells at P1. The bulk of MGC, rod photoreceptors and bipolar cells are born after P1 (1) . The disruptions at the outer limiting membrane in the developing retina might influence the localization or number of cycling progenitor cells. To test this, we analysed progenitor cells in the M-phase of the cell cycle by immunohistochemistry with phospho-Histone-H3 (pH3) antibody. In the control retina at P1, the pH3-positive progenitors aligned apically close to the outer limiting membrane (Fig. 6A) . In retinas of Crb1 KO Crb2 ΔMG mice, the pH3-positive progenitors resided ectopically in the neuroblast layer and GCL (Fig. 6B, insert) . To test for progenitors in all stages of the cell cycle, we stained with antibodies directed against Ki-67. In the control retina at P1, the Ki-67-positive progenitors stained an orderly neuroblast layer including the apical progenitors in M-phase (Fig. 6A) . In retinas of Crb1 KO Crb2 ΔMG mice, the Ki-67-positive progenitors stained a disorderly neuroblast layer with ectopic Ki-67-positive cells in the GCL at the peripheral (Fig. 6B, insert) but not the central retina. Quantification of the total, central and peripheral number of pH3-positive mitotic progenitor cells showed no differences between control and Crb1 KO Crb2 ΔMG mice ( Fig. 6C and D) .
However, quantifications confirmed the increase in ectopic pH3-positive mitotic progenitor cells in the GCL (Fig. 6C) . The disruptions at the outer limiting membrane might influence the localization of postmitotic photoreceptors. To test for postmitotic photoreceptors, we stained retinas by immunohistochemistry with recoverin antibodies. In the control retina, recoverin-positive cells resided mostly apical in the neuroblast layer (Fig. 6E) . In the retinas of Crb1 KO Crb2 ΔMG mice, the recoverin-positive cells resided ectopically in the neuroblast layer (Fig. 6F) .
Loss of CRB2 in MGC lacking CRB1 results in an early-onset phenotype mimicking LCA due to loss of CRB1
The functional and morphological analysis presented above suggested a transient thickening of the Crb1 KO Crb2 ΔMG ONL and INL throughout the retina before 1 M, followed by thinning due to a rapid loss of photoreceptors, as well as loss of INL cells. Interestingly, the thickening and appearance of an immature retina is a hallmark of LCA due to mutations in the human CRB1 gene (10,34,35) . To assess the intermingling of nuclei of photoreceptors with nuclei of the INL, we analysed the control and Crb1 KO Crb2 ΔMG retina by immunohistochemistry using markers for PRC and inner and outer segments (Fig. 7) . In control retina at 1 M, markers for differentiated photoreceptors, such as recoverin, stained an orderly laminated layer of photoreceptors (Fig. 7A) , whereas in the Crb1 KO Crb2 ΔMG retina, the photoreceptors showed loss of the regular lamination pattern (Fig. 7B) . The ONL and INL in the peripheral retina showed the more extensive intermingling of nuclei (Fig. 7C) . Ectopic recoverin-positive photoreceptors were detected in the GCL at the peripheral retina ( Fig. 7C) but not at the central (Fig. 7B ) or control retina (Fig. 7A) . The rod photoreceptors in the control retina showed an orderly layer of rhodopsin-positive outer segments (Fig. 7D) . The Crb1 KO Crb2 ΔMG retina lacked rod outer segments and rhodopsin localized abnormally in the cell bodies (Fig. 7E ). In the central retina, rhodopsin was also detected within rosettes (Fig. 7E,  insert) . Anti-cone arrestin stained in the control retina the cone photoreceptor synapses, the cone cell bodies and inner and outer segments (Fig. 7D) . The Crb1 KO Crb2 ΔMG retina had mislocalized cone segments and synapses (Fig. 7E ). Ectopic rod (data not shown) and cone PRC bodies were detected in the GCL at the peripheral but not at the central retina (Fig. 7F, insert) . Antibodies against S-opsin stained the orderly aligned cone outer segments in the inferior control retina (Fig. 7G) , whereas in the Crb1 KO Crb2 ΔMG retina, the segments were misplaced (Fig. 7H ).
Orderly aligned inner and outer cone segments and cone pedicles were detected in the control retina stained by the lectinbinding peanut agglutinin (PNA) (Fig. 7G) . The Crb1 KO Crb2 ΔMG retina showed loss of cone pedicles at the thinned outer plexiform layer. Abnormal staining for S-opsin and PNA was detected in the cone cell soma ( Fig. 7H and I ). In the control retina at 3 M, the photoreceptor synapses, cell bodies and inner and outer segments stained with recoverin antibodies were orderly laminated in a photoreceptor layer (Fig. 7J) . The Crb1 KO Crb2 ΔMG retina showed a significant reduction in number of photoreceptors in the central (Fig. 7K) as well as the peripheral retina (Fig. 7L) . Rhodopsin stained in the control retina the outer segments of rod photoreceptors (Fig. 7J) , whereas the remaining photoreceptors in the Crb1 KO Crb2 ΔMG central ( Fig. 7K ) and peripheral retinas expressed rhodopsin in the rod PRC bodies (Fig. 7L) . At 3 M, only a sparse single row of photoreceptor nuclei remained, with other foci showing more mixing of nuclei within the NL (Fig. 7K and L, inserts) . At 6 M, some sporadic patches of recoverin-positive photoreceptor nuclei could still be detected in the NL (data not shown). The misplaced photoreceptors in the GCL at 1 M (Fig. 7C and F) could not be detected at 3 M (Fig. 7L) , which suggested that these photoreceptors died as well.
CRB1 and CRB2 localize at the SAR of MGC and photoreceptors in NHP retina
We analysed by immunohistochemistry the retinas from rhesus and cynomolgus macaques, for the localization of the CRB1, CRB2 and CRB3A proteins at the SAR. CRB1 localized at the SAR at the outer limiting membrane in the rhesus and cynomolgus macaque ( Fig. 8A and B) adjacent to adherens junction protein β-catenin ( Fig. 8A and B) . CRB2 localized at the SAR in the rhesus and cynomolgus macaque retina ( Fig. 8C and D) adjacent to the adherens junction protein p120-catenin ( Fig. 8C and D) . CRB3A localized at the SAR in the rhesus and cynomolgus macaque retina ( Fig. 8E and F ) adjacent to the adherens junction protein N-cadherin ( Fig. 8E and F) . CRB3A was also detected in the inner retina of both rhesus and cynomolgus macaque retinas ( Fig. 8E and F), similar as reported for the mouse retina (39) . Macaque CRB3A staining was also seen on retinal pigment epithelium (Fig. 8F, arrowhead) . We undertook high-resolution immuno-electron microscopy in both rhesus and cynomolgus macaque retina to further explore the ultra-localization of these CRB proteins at the SAR of MGC and photoreceptors. CRB1, CRB2 and CRB3A were detected at the SAR in MGC apical villi and photoreceptor inner segments (Fig. 9) . Interestingly, these results differ slightly from studies on human cadaver retinas collected 2-3 days post-mortem, in which CRB2 localized at the SAR of MGC and at vesicles in the photoreceptor inner segments at a distance from the SAR (40).
Discussion
In this study, we established that loss of CRB2 with concomitant loss of CRB1 protein from MGC mimics LCA as found in patients with mutations in the CRB1 gene. recoverin positive cells showed loss of the regular lamination but were not ectopic into the inner retina (B). The ONL and INL in the peripheral Crb1 KO Crb2 ΔMG retina showed more extensive intermingling of recoverin positive cells, and ectopic photoreceptors were detected in the GCL (C, insert). In Crb1 KO Crb2 ΔMG retina, ectopic rhodopsin expression was seen centrally (E, insert) and peripherally (F) in cell soma. In the Crb1 KO Crb2 ΔMG retina, the staining at the cone photoreceptor synapses, as well as at the segments, was lost, whereas staining in the cone cell bodies became disorderly (E and F). Ectopic cone PRCs were detected in the GCL at the periphery (F, insert). The Crb1 KO Crb2 ΔMG retina had abnormal staining for S-opsin in cone cell soma centrally (H, insert) and peripherally (I, insert, arrowheads). Mislocalized PNA staining could be detected both centrally and peripherally (H and I, insert). At 3 M, a single row of recoverin and rhodopsin positive photoreceptor nuclei remained in the Crb1 KO Crb2 ΔMG retina with mixing of nuclei at foci (K and I, inserts). Nuclei stained with DAPI (A-L). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; NL, nuclear layer. Scale bars: 20 μm (A-L); inserts: 10 μm (C, E, F, H, I, K, L). β-catenin (A, B) , p120-catenin (P120) (C, D), N-cadherin (E, F). CRB1, CRB2, CRB3A located to the SAR in both rhesus and cynomolgus macaques. CRB3A was also detected in the inner retina in both rhesus and cynomolgus macaques (E and F). The CRB3A antibody was detected on RPE (F, arrowhead). Nuclei stained with DAPI (A-F). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; OLM, outer limiting membrane. The current study showed proof for the requirement of CRB2 proteins in MGC, similarly as the requirement of CRB1 proteins in MGC (6, 25) . Here, we show that loss of CRB2 aggravated the phenotype in retinas lacking CRB1 and highlighted an overlap of function for CRB1 and CRB2 in MGC. The data suggest that CRB2 levels remaining in radial glial progenitors and PRC were insufficient to maintain laminated and functional Crb1 KO Crb2 ΔMG mouse retinas. Retinas lacking CRB1 and CRB2 in MGC developed a CRB1 LCA-like phenotype. We hypothesize that LCA patients with gene mutations in CRB1 might therefore either express lowered levels of CRB2 in MGC or express a less functional or missense variant of CRB2. Variants of CRB2 were recently found in patients with syndromic kidney and brain disease (14, (41) (42) (43) .
We have previously highlighted the large number of transcript variants for CRB1 (31) . Recently, Thomas et al. reported on novel isoforms of CRB1 in the mouse retina by using long-read single molecule sequencing. Isoforms were also detected in humans by profiling of human retina mRNA (44) . Some of these novel isoforms of CRB1 may provide further insight into the retinal phenotypic variability as seen in CRB1 patients.
MGCs are generated between E15 and P10, with a peak in the MGC birth around P3 (1) . We previously demonstrated that loss of either CRB1 or CRB2 proteins in MGC leads to mild retinal degeneration (6, 28) . Lack of either CRB1 or CRB2 from MGC leads to loss of adhesion between photoreceptors and MGC but in either case, without a detectable functional loss as measured by ERG. Lack of CRB1 caused a phenotype of disruptions at the outer limiting membrane limited to the inferior temporal quadrant. Lack of CRB2 in MGC resulted in a slow progressing retinal phenotype of adult mice at 1 M, 3 M and 5 M (28). But disruptions at the outer limiting membrane occurred MGC, Müller glial cell; PRC, rod and cone photoreceptors; RPC, retinal progenitor cell; E, embryonic day; OLM, outer limiting membrane; BC, bipolar cell; AC, amacrine cell; GC, ganglion cell; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; ERG, electroretinography; * , mice not analysed by ERG due to severe hydrocephalous; IS, inner segment; OS, outer segment; OPL, outer plexiform layer; IPL, inner plexiform layer; NA, not analyzed. Percentages distribution: CRB1 estimated 40% and CRB2 60% weight in MGC and RPC. CRB2 estimated 100% weight in PRC.
as well in the central and peripheral retina of Crb2 ΔMG mice (Supplementary Material, Fig. 5 ). Here, during the analysis of retinas of double mutant Crb1 KO Crb2 ΔMG mice, we detected morphological alterations in the developing retina from E17.5 in the peripheral retina, whereas retinal dystrophy could be detected shortly later at P1 in the central retina. The Crb1 KO Crb2 ΔMG retina showed thereafter rapid disorganization throughout the entire retina up to 1 M, but the phenotype at the peripheral retina was more advanced than at the central retina.
In the developing retina, newborn photoreceptors are connected to other cells at the outer limiting membrane, whereafter the PRCs grow the synapses and segments. All of the newborn bipolar cells are however transiently connected to the outer limiting membrane, whereafter the bipolar cells disperse radially to their final destination in the INL, and then lose their connections at the outer limiting membrane, and subsequently restrict to their regular position between the inner plexiform layer and outer plexiform layer (45, 46) . The severe disruption at the outer limiting membrane in retinas lacking CRB1 and CRB2 in MGC may explain the abnormal positioning of progenitor cells and late-born cell types such as photoreceptors and bipolar cells.
The retinal activity of the 1 M Crb1 KO Crb2 ΔMG retina was substantially decreased for the a-wave, as well as the b-wave, and completely lost as detected at 3 M and 6 M. Up till 1 M of age, most of the displaced photoreceptors survived, but from 1 M to 3 M, there was a rapid loss of photoreceptors at the peripheral, as well as at the central Crb1 KO Crb2 ΔMG retina. The data suggest that MGC at the peripheral retina had a higher demand for CRB2 than in the central retina. Four CRB mouse CRB1 LCA-like models have been reported (Table 1) (40) . NHPs, due to their close evolutionary relationship to humans, are used in preclinical trials for the evaluation of safety, biodistribution and dose determination of recombinant adenoassociated virus delivered retinal therapeutics (47) (48) (49) (50) (51) (52) (53) (54) . The eyes of NHPs are similar in size and anatomy to that of humans along with possessing a macula that has a cone-rich foveal-pit, making the NHP eyes well suited for safety and biodistribution testing of clinical gene therapy vectors in the absence of a large inherited retinal dystrophy animal model (48, 55) . Inter-species differences in vector tissue tropism between mice and NHPs have also been highlighted and must be sufficiently addressed before moving towards clinical trials (49, 56) . Therefore, the interpretation of any safety and biodistribution studies of CRB vectors in NHP's will also need to take into account the localization of CRB1 and CRB2 in the NHP retina. Both CRB1 and CRB2 proteins localize at the SAR in the MGC of mice, humans and non-human-primates (this paper), suggesting a compensatory role between these proteins in MGC (6, 19, 21) . Furthermore, the presence of both CRB1 and CRB2 in the photoreceptors of primates suggests a similar compensatory mechanism in photoreceptors. Chromosomal DNA isolation and genotyping were performed as previously described (6,7).
Materials and Methods

Mice
NHP retinal tissue
Macaque retinas were prepared from the eyes of adult macaques that were sacrificed after unrelated studies. groups of mice were measured for ERG. Both eyes were used for analysis. Mice were anaesthetized using 100 mg/kg ketamine and 10 mg/kg xylazine intraperitoneally, and the pupils were dilated using atropine drops (5 mg/mL). Mice were placed on a temperature-regulated heating pad, and reference and ground electrodes were placed subcutaneously in the scalp and the base of the tail, respectively. ERGs were recorded from both eyes using gold wire electrodes. Hypromellose eye drops (3 mg/ml, Teva) were given between recordings to prevent eyes from drying. Single (Scotopic and Photopic ERG) or brief train (Flicker ERG) white (6500 k)-flashes were used. Band-pass filter frequencies were 0.3 and 300 Hz. Scotopic recordings were obtained from and used for cryosectioning. Cryosections (10 μm) were rehydrated in PBS. Samples were blocked for 1 h using 10% goat serum, 0.4% Triton X-100 and 1% bovine serum albumin (BSA) in PBS. The primary antibodies were diluted in 0.3% serum, 0.4% Triton X-100 and 1% BSA in PBS and incubated overnight at 4
• C. The fluorescent-labelled secondary antibodies used were rabbit anti-chicken, goat anti-mouse, goat anti-rabbit or goat anti-rat IgGs conjugated to Cy3 (1:500; Jackson Immunoresearch, Stanford, USA and Invitrogen), Alexa 488 or Alexa 555 (1,1000; Abcam) or Dylight549. Secondary antibodies were diluted in 1% BSA in PBS. Sections were mounted in Vectashield HardSet DAPI mounting media (Vector Laboratories). A Leica DM6B fluorescence microscope and Leica TCS SP8 confocal microscope were used for Image acquisition. Image Analysis and processing were carried out using ImageJ and Adobe Photoshop CC2014.
Electron microscopy
Immuno-electron microscopy was performed as previously described (63) . In brief, 40-μm thick sections were incubated with the appropriate first antibody for 48 h, then incubated with appropriate secondary (anti-rabbit or anti-mouse) peroxidase anti-peroxidase for 2 h, then developed in a 2,2-diaminobenzidine solution containing 0.03% H 2 O 2 for 4 min, and after which, the gold substitute silver peroxidise method was applied (64) . Sections were postfixed with 1%OsO4/1,5% potassiumhexacyanoferrate (III), dehydrated with an ascending series of ethanol, followed by propyleenoxide and mixtures of propyleenoxide and EPON (LX112). Sections were subsequently flat embedded in beem capsules. Ultrathin sections of 80 nm were made and examined with an electron microscope (Microscope: FEI Tecnai T12 Twin Fei Company, Eindhoven, The Netherlands; Camera: OneView, Gatan) operating at 120 kV. Overlapping images were collected and stitched together into separate images as previously described (65) . At least two rhesus and cynomolgus macaque retina from different animals were analysed.
Antibodies
The following primary antibodies were used: SOX9 ( 
Quantification and measurement
The total thickness of the retina was measured in P1, P10, P14, 1 M, 3 M, 6 M, 8 M and 10 M Crb1 KO Crb2 ΔMG mice and controls (n = 2-6/age group) were measured on the Technovit sections at 1 mm from the ONH. This was also done to plot retinal spider diagrams (spidergrams) at P14 and 6 M with measurements on the ONL being made every 250 μm from the ONH. The measurements either side of the ONH were averaged, plotted and compared with control retinas. Brightfield images were taken on a Leitz DRMB microscope (Leica Microsystems, Wetzlar, Germany). For quantification of mitotic cells, retinal sections were stained with anti-pH3 antibody at P1. Sections were imaged on a Leica DM6B fluorescence microscope. Image Analysis was carried out using ImageJ. Total numbers of cells were determined by manually counting pH3-positive cells in the unit area on digital images generated (n = 3-5 sections per animal, three animals per genotype).
Statistical analysis
All statistical analyses were performed using GraphPad Prism version 7 (GraphPad Software, San Diego, California, USA). Normality of the distribution was tested by Kolmogorov-Smirnov test. Statistical significance was calculated by using t-test. All values are expressed as mean ± SEM. For ERG analysis either a t-test or a two-way analysis of variance with Bonferroni post hoc tests was used to test statistical significance (66) . Statistically significant values: * P < 0.05, * * P < 0.01, * * * P < 0.001.
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